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ABSTRACT

The objectives ot this investigation were to 1) determine it
Stage I mode or fatigue crack growth could be extended be7ond the
45 degree maximum shear plane in metals having a face-centered,

bod7-centered and hexagonal close pack

C~TStal

structure; 2) identit7

the Cl')'8tallographic planes or crack propagation in Stage I growth
in each Cl')'8tal structure; 3) characterize the fracture aurtace
topograph7 or Stage I growth in each crystal structure.
The test material used tor this investigation consisted ot
alpha brass

(7~ Cu, 3~

Zn), Armco iron and ccmmerciall7 pure

titanium which are representative ot FCC, BCC, and HCP cl')'8tal
structures respectivelJ.
Based upon the results ot this investigation it is concluded
that:
1.

Stage I mode ot fatigue crack propagation in FCC, BCC, and

HCP metals is not contined to the vicinit7 ot crack initiation.
2.

In FCC brass Stage I fatigue crack growth occurs transgran-

ular along the (lll) plane •

.3.

In BCC Al'llco iron Stage I tatigue crack growth occUN inter-

granular.
4.

In HCP

c~erciall7

pure titanium Stage I fatigue crack

growth ocCUN tranag,ranular along cleavage planes.

5. The mechani• ot Stage I fatigue crack growth in these
materials is related more to the "decohesion mechanim" than to the
saae •chaDi• that is responsible tor Stage II fatigue crack
propapt,on.
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I.

A.

INTRODUCTION

Background
The propagation of a fatigue crack is known to occur in two

stages of growth.

In the first stage (Stage I), immediately follow-

ing the initiation of a crack, the crack will propagate along crystallographic planes at a very slow rate in the direction of maximum
shear stress, (45 degrees to the loading axis).

The crack in this

stage will only extend into the material a depth of one grain or less
where it will deviate tram the shear plane and follow a direction perpendicular to the loading axis at an increasing rate.
the crack is known as Stage II growth.

This portion of

Crack propagation will continue

in this stage of growth until a critical crack size is reached and
overload failure occurs.
The fracture surface of each stage exhibits distinguishing features.

Stage I growth is characterized by a brittle crystallographic

appearance and Stage II by parallel striations oriented perpendicular
to the direction of crack propagation.
The mechanism by which the crack propagates in Stage I and Stage
II has not yet been determined.

Although many theories have been pub-

lished, no one has been proven applicable to all testing conditions of
fatigue.

Some investigators believe that the same mechanism operates

in both stages of growth.
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The mechanism of Stage II growth has had the most emphasis by
investigators.

This stage of growth covers most of the crack length

consequently providing large areas of fracture surface for subsequent
examination.

Stage I, an the other hand, is difficult to examine

since it only extends to a depth of a grain or less thereby providing
very little fracture surface.

Since Stage I growth will only occur

at ver.y slow crack propagation rate, it is conceivable that, if a slow
crack propagation rate can be maintained, the Stage I mode of crack
growth can be extended beyond the plane of maximum shear. This knowledge, in addition to contributing to the overall understanding of the
phenomena of fatigue would also have importance in the fracture analysis of service failed parts.

Stage I fatigue growth could be mistaken-

ad for other failure modes exhibiting brittle fracture surface features
such as stress corrosion and hydrogen embrittlement.
B.

Ob.1ecti ves
The objectives of this investigation were to 1) determine if

Stage I mode of crack growth could be extended beyond the 45 degree
maximum shear plane in metals having a face-centered, body-centered
and hexagonal close pack cr.ystal structures; 2) identify the crystallographic planes of crack propagation in Stage I growth in each crystal
structure; 3) characterize the fracture surface topography of Stage I
growth in each cr.ystal structure.
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II.
A.

BACKGROUND

Historical
Fatigue is defined in the Metals Handbook (1) as "the tendency

for a metal to break under conditions of repeated cyclic stressing
considerably below the ultimate tensile strength".

The use of

material subjected to this type of stress condition has steadily
increased with the demands of high performance requirements.
Particular interest in the fatigue life of material is in the

fie~d

of

transportation where primary structural components of air and ground
vehicles are subjected to dynamic stress.
The primary factors affecting the fatigue life of a material
are:

maximum stress, stress amplitude, and cyclic frequency.

In-

creasing either or both maximum stress and stress amplitude will
result in a decrease in fatigue life.

Increasing the cyclic fre-

quency however has the opposite effect and increases the fatigue
life.

Environmental factors such as temperature and corrosion as

well as residual stress have great influence of the fatigue life of
a material.
Since the precise mechanism of fatigue crack propagation is not
understood, an accurate determination of the fatigue life of a material
cannot be predicted.

The fatigue lite of a material is determined

empirically using statistical analysis.

With this method, engineer-

ing fatigue data is presented by means of an S-N curve.

The S-N

curve represents the dependence of the life of a specimen in number

ot cycl.es to failure, N, on the maximum applied stress, s. With
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same engineering materials the S-N curve becomes horizontal at a
c.ertain limiting stress.

The stress level at which this occurs is

called the "fatigue limit" or "endurance limit".

Below this stress

level the material can presumably endure an infinite number of
cycles without failure.
A crack occurring in a material as a result of fatigue will
follow a plane perpendicular to the direction of principal stress
showing no evidence of plastic deformation.

The exposed fracture

surface features of a fatigue crack reveals unique features on both
a macroscopic and microscopic scale.

On a macroscopic scale the

fracture surface has a silky smooth texture and a bright appearance
which is easily distinguished tram the grey appearance or rapid
overload surface.

In the case of service failures occurring over

a long period or time, the fracture surface contains lines referred
to as i•clam shell" markings, arrest lines, and "beach markings".
These markings are attributed to periods of crack extension followed
by crack arrest.
On a microscopic scale a detailed examination or the smooth silk;y

fatigue surface reveals that the surface consists of many finely
spaced parallel lines referred to as fatigue striations.

Zappfe and

Wordon (2) were the first to report such patches of the parallel
markings on fractured surfaces or fatigue specimens.

Soon after, with

the advent of electron fractography (fracture surface examination
utilizing the electron microscope) detailed investigations were performed by many investigators in the characterization of fracture surface
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fractures produced by fatigue and in the mechanism of crack propagation.
B.

Crack Initiation
The initiation of a fatigue crack in general takes place on the

surface of a material.

Since the stress necessary to produce a

fatigue crack is below the ultimate strength of the material, stress
risers resulting from surface discontinuities can provide sufficient
stress to initiate a crack.

Stress risers are either of the mechani-

cal type such as a sharp radius, drilled holes and tool marks, or
the metallurgical type such as inclusions, voids, and microstructural.
inhomogeneities.

However, in the absence of either type of stress

riser, a notch of microscopic scale and sufficient to initiate a
fatigue crack can be produced by the cyclic application of stresses.
An

accepted theory of the mechanism of formation of the notches was

presented by Wood (3).

In his theory he explained the existence of

slip bands on the surface of a cycled specimen the result of systematic build-up of fine slip movements.

He found the structure of

the slip bands observed a high magnification with the electron microscope to be serrated and in the form of a notch (intrusion) or ridge
(extrusion).

He attributed the slip band intrusions and extrusions

to be a result of the back and forth slip movements of fatigue.

The

intrusion or notch, although of atomic dimensions, would be large
enough to initiate a fatigue crack.
Forsyth (4) in an investigation of fatigue cracking in aluminumzinc, and aluminum-zinc-magnesium alloys observed slip-band intrusions
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and extrusions on the surface of fatigued specimens.

He showed that

intrusions and extrusions occur in the direction of slip and that
cracks nucleating at an extrusion also follow the direction of slip.
Stubbington and Forsyth (5) found the same occurrences on aluminum,
7.5% zinc, 2.5% magnesium alloy tested in torsional fatigue.
Laid and Smith (6) found that in pure aluminum, nickel, and copper,
slip band intrusion-extrusion crack nucleation was predominant at low
stress level-long fatigue life but at high stresses crack nucleation
often occurs at grain boundaries.
In metals whose crystalline structure is body-centered, cubic
crack initiation was somewhat different.

Williams and Smith (7)

observed in the fatigue of beta brass that cracks nucleated at grain
boundaries and that the cracks formed on boundaries which lay at about
45 degrees to the stress axis.

Wood, Reimann, and Sargent (8) found

fatigue cracks initiating in Armco iron along cell boundaries that
formed during cyclic load applications.

They observed that fatigue

damage initially began on the boundaries with appearance of pores,
which then multiplied into boundary microcracks.

Boettner (9) found

that martensite boundaries in AISI 4340 steel were the preferred sites
for the formation of fatigue slip bands cracks.
C.

Crack Propagation
Early investigators of fatigue observed fatigue crack propagation

as a single stage.

The fracture surface features examined within the

magnification range of the light microscope consisted of parallel
striations over nearlY the entire surface (2).

With the development
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of the plastic-carbon replication technique by Bradley (10) the electron microscope became a powerfUl tool for the detailed study of metal
surfaces.

It was found that fatigue striations appeared on the

fractured surfaces of face-centered cubic (FCC), body-centered cubic
(BCC), and hexagonal close-packed (HCP) metals.

Forsyth and Ryder

(11) showed a correlation between striations and the number of applied
cycles or stress.

They proved that each striation was the result of

a single cycle or load and that striation spacing was strongly dependent on the stress amplitude.
Forsyth (4) later showed in high strength aluminum alloys that
fatigue crack propagation occurs 1n two separate stages or growth.
In the first stage, designated Stage I, the crack propagates from the
surface at an angle or 45 degrees along the plane or maximum shear.
He found that the crack in this stage of growth will only follow
along the 45 degree shear plane until it reaches a grain boundary
and then it will change direction following a plane normal to the
loading axis.

The crack, propagating in a plane normal to the loading

axis, he refers to as Stage II fatigue growth.

The crack will

continue to grow in this stage until a critical crack size is reached
and catastrophic failure occurs.

He found each stage contained

different fracture surface features.

In Stage II, he round that the

fracture surface consisted of the commonly observed parallel striations over the entire surface and that the fracture surface feature
or Stage I growth appeared cryatallographic, consisting or facets
containing traces or jogged slip.

He attributed the facets to slip
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plane cracking along either the (111), (110) or (100) planes.

The

conditions he found favoring Stage I crack growth was a low stress
resulting in slow growth, and a corrosive environment.

He stated

that material in which duplex slip deformation can easily occur may
not show evidence of Stage I under any condition.
Subsequent investigations confirmed Forsyth's findings in FCC
materials.

Stage I shear mode slip band cracking was observed and

found to occur on the (111) planes and in the 11101 direction, (5,

6, 12-17).

In aluminum alloys (5, 14), shear mode fatigue facets

were observed as either planar when fracture had occurred on a
single (111) plane or parallel lamellea when on intersecting (111)
planes.

In nickel-base alloys (13, 15, 16, 17), Stage I fatigue

fracture surfaces were highly reflective with crystallographic
features such as steps and river lines characteristic or cleavage
fracture in BCC and HCP materials.
In BCC materials, Williams and Smith (7) in an investigation or
fatigue in beta brass (52% Cu) observed intergranular cracking as the
Stage I fatigue mode.

They found that most or the cracking occurred

in grain boundaries laying at about 45° to the specimen surface and
the crack usually became transcr.ystalline at the first triple point
intersection.

In Armco iron (8), cell boundary cracking was observed

as the first stage of fatigue.

In high strength steel, Boettner (9)

round Stage I fatigue growth to occur along martensite boundaries.
He concluded that martensite boundary zones are formed with a lower
than average carbon content and since the strength properties of
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martensite decreases with decreasing carbon content a decrease in
fatigue resistance of these zones is expected.
In HCP material, in an investigation of fatigue cracking in
berylium (18), it was found that at a very slow crack propagation
rate, fatigue cracking occurred along grain boundaries, but at fast
crack propagation rates cracking occurred transgranularly.

This

observation, however, was not distinguished as Stage I and Stage II
fatigue growth.

No references specifically regarding Stage I

fatigue growth in HCP metals could be found.
The transition from Stage I to Stage II, according to Forsyth
(4), will occur when the crack meets a slip obstacle such as a grain
boundary.

However, he showed that the changeover could occur even

when an apparent easy path for slip plane cracking exists and attributed this type of changeover to the increasing ratio of shear
stress/tensile stress with depth in the specimen.

He stated that the

peak tensile stress across the tip of the crack causes the crack to
change from the slip path to a path normal to the loading axis
(Stage II).

The microscopic fracture surface features (parallel

striations) that characterize the Stage II fatigue growth, may became
visible as the crack starts to deviate from the Stage I crystallographic
path.

However, it was found by other investigators (5, 14, 19 and

20) that Stage II crack propagation in aluminum alloys can also follow
crystallographic paths.

They showed that with low stress amplitudes

Stage II crack growth occurs along the (111) plane with well defined
striations in evidence.

Also, they found that as the crack growth
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rate increased, the crack path continued along a plane that was perpendicular to the stress axis and independent or crystallographic
orientation.

MCEvily, Snyder and Clark (21) produced fatigue cracks

along grain boundaries exhibiting precipitation-free zones in
aluminum, 10% magnesium alloy.
The characteristic fatigue striations of Stage II crack growth
have been documented on the fracture surfaces of most engineering
materials, (22, 23).

Although the fracture surface of various

materials tested in fatigue do contain striations, same difference
does exist in the striation morphology, such as the curvature of the
striations, definition, and striation length.

It was found qy

Nair and LeMay (24) in aluminum-magnesium alloy and pure tough pitch
copper that the morphopogy of fatigue striations varies with ductility
and texture.
D.

Mechanism Of Crack Propagation
Theories of fatigue crack propagation are based on the interpre-

tation of fracture surface features and the fracture profile.

Since

the fatigue crack propagates nearly its entire length b,y Stage II
growth, most studies have been focused on this stage of growth.

The

large amount of fatigue surface that can be produced easily in this
stage allows detailed investigations of the characteristic fatigue
features.

Stage I, on the other hand, has had less emphasis on the

mechanism of crack growth due to the short distance that the crack
extends in this stage (a grain or less) and the small amount of area
available tor investigation.
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In Stage II, the parallel striations observed on a fracture surface typifying this stage of growth, although appear similar on
various materials and stress conditions, show same differences when
examined in profile.

Laid (25) showed a schematic illustration or

several types of striation profiles that have been observed.
1 shows this illustration.

He explained the type or striations

shown in Figure la and lb are
in Figure lc and ld.

Figure

fo~ed

at higher stress than those shown

He found the primary difference between the

striations for.med at higher stresses to those at lower stress other
than small cracks undercutting the ridges as in Figure lb (arrow),
is the striation depth-to-spacing ratio.
The first theory published on the mechanism or formation or
striations was by Forsyth and Ryder (11). They proposed that each increment of crack propagation per cycle takes place b.Y cleavage fracture
ahead or the crack tip.

The formation of the striation takes place

by ductile necking of the material between the cleavage crack and the
primary crack.

However, Laid and Smith (25) showed that theory not to

be correct in the case or ductile materials.

Hertzberg (26) attempted

to explain the formations of striations by crystallographic considerations.

Laid (27) suggests that a fatigue crack propagates by

plastic blunting of the crack tip during the tensile part or the
stress cycle followed by resharpening of the tip during the compression
part of the cycle.

This mechanism of striation formation is probably

the most generally accepted or all.

However, since Meyn (2S) had

shown the absence of striations on the fracture surface or specimens

12

(b)

Figure 1.

An Illustration Showing the Various Types
of Striation Profiles, Laid (27).
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cycled in vacuum same doubt has arisen to the validity of the plasticblunting mechanism.
fo~ed

Pelloux (29) concluded from fatigue tests per-

in air and vacuum on 2024-T3, 7075-T6, and Ti-6Al-4V that

fatigue striations were the result of an environmental factor and not
created by plastic blunting.

However, he stated that the plastic

blunting mechanism may be operative at large growth rates (above 10
microns/cycle).

He proposed a mechanism of crack extension by

alternating shear.

With this mechanism he could account for the

formation of striations in air and the absence or striations in vacuum.
The mechanism of Stage I crack growth is not as easily studied
as Stage II due to the small amount of area available and very fine
fracture surface features.

The shallowness or the fracture surface

features precludes any information that might be obtained from a
profile examination of the fracture path.

It has been proposed by

some investigators (4, 6, 12, 15, 29) that the same mechanism
operating in Stage II growth may also be operating in the growth of
Stage I except on a much finer scale since the crack is propagating
at a slower rate.

Gell and Leverant (15) proposed from an investi-

gation of nickel-base superalloy that Stage I cracking involves a
weakening of the slip planes by

cyc~ic

deformation and a glide plane

decohesion that occurs under the influence of the local shear
and normal stresses at the crack tip.
The mechanisms of crack growth proposed for Stage I fatigue are
based on a transgranular fracture path.

No mechanism of Stage I crack

growth has been proposed for metals that exhibit intergranular cracking as the first stage of fatigue.
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III.
A.

EXPERIMENI' AL PROCEDURE

Test Material
The test material used for this investigation consisted of alpha

brass

(7~ Cu,

.30% Zn), Armco iron, and commercial pure titanium which

are representative of FCC, BCC, and HCP crystal structures respectively.
All three materials were in the form of sheet with a thickness of:
0.062 inch, brass; 0.062 inch, iron; 0.082 inch, titanium.

The

chemical composition of each material is shown in table 1.

Speci-

mens conforming to the configuration of Figure 2 were machined from
each material for determination of tensile properties.

Six rec-

tangular specimens of each material measuring 1 x 5 inches for brass
and titanium, and 1 x 6 inches for iron were sheared for fatigue
testing.

Crack starter notches approximately .050 inches deep were

produced in each of the fatigue specimens utilizing a jewelers saw
with a fine blade.

Figure .3 shows photographs of representative

specimens of each material.
B.

Heat Treatment And Tensile Test
Both iron and titanium material were procured in the annealed

condition where as brass was in the cold work condition (cold-rolled
to a 75% reduction).

The objective of heat treatment was to increase

the grain size of each material to facilitate the portion of this
investigation pertaining to the identification of fracture planes.
A metallographic examination was performed to observe the microstructure of the two as received annealed materials, iron and

TABLE I
CHEMICAL COMPOSITION OF TEST MATERIAL
BRASS
Element
Cu

ARMCO IRON

Weight Percent
70.3

Element

Weight Percent

COMMERCIALLY PURE TITANIUM
Element

Wei~ht

Percent

c

0.013

c

.022

Pb

.02

s

0.025

N

.010

Fe

.03

Mn

0.017

Fe

.07

p

.001

p

0.005

0

.12

Fe

Balance

H

.003

Ti

Balance

Zn

Balance
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titanium.

It was decided that the grain size of the iron was

sufficient but the grain size of the titanium was too fine and would
require additional annealing.

Annealing of the brass and titanium

specimens was performed in a muffle oven with a chromel-alumel thermocouple to monitor the temperature.

An optimum grain size of each

material was achieved by heat treating specimens of each material
at various temperatures and subsequently examining the microstructure.
The final annealing heat treatment temperature of both materials
was:

Brass, 1000° F for 1 hour air cooled; titanium 17000 F for

15 minutes, and water quench.
Tnesile test were conducted on annealed specimens of each
material in a 60,000 pound capacity Baldwin testing machine.

The

specimens were strained at a rate of 0.005 inch/inch/minute to the
0.2 percent offset yield and then at 0.035 inch/inch/minute to failure.
C.

Metallography and Tensile Properties of Material
Photomicrographs documenting the microstructure of representa-

tive specimens of each material are presented in Figure 4 .

The brass

consisted of single phase-solid solution microstructure with equiax
grains ranging from 0.002 to 0.004 inches in size.

Annealing twins

were also apparent which are common in this alloy.

The microstruc-

ture of the alpha iron also showed a single phase structure of equiax
grains, however same inclusions were present.
from 0.001 to 0.003 inches.

The grain size ranged

The titanium microstructure consists of

a duplex alpha structure within large prior beta grains.

The

accicular phase is alpha prime an4 the matrix is transfor.med beta.
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The grain size was 0.015 inches.
Tensile properties of annealed specimens of each material are
presented in table II.

The properties of each material were all

above the minimum guaranteed by the supplier.
D.

Test Equipment and Method
Fatigue tests were

perfo~ed

on specimens from each material with

an electranagnetic exciter, Ling Model 300 shown in Figure

~.

This

instrument is also referred to as a "Vertical Shaker", and, in addition of having the capability of testing more than one specimen, it
can also provide cyclic rates up to 3000 cycles per second.

The speci-

mens were placed in the stage of the machine and clamped down up to
the starter notch on both sides so that half of the specimen was
suspended in air.

The specimens loaded in cantiliver were subjected

to reverse bending by the vertical movement of the specimen stage at
resonant frequency.

Loads are applied in gravitational units (G•s)

and were varied by adjusting the vertical motion displacement and
attaining resonant frequency at that displacement.

Adjustment of

the applied G•s were made on trial specimens in order to attain a
fatigue life of not less than two million cycles.

Trial specimens

of each material were tested separately to determine the test condition to produce suitable fatigue lives in all three materials.
Since the primary purpose of the fatigue test was to produce high
cycle fatigue cracks with very slow growth rates and not accumulate
extensive test data, six specimens of each material were tested
simultaneously at the predetermined test conditione in order to

TABLE II
TENSILE PROPERTIES
Material

Brass
(70-30)

Thickness
(inches)

0.062

Supplier
Guarantee
Annco Iron

0.062

Supplier
Guarantee
Commercially
Pure Titanium
Supplier
Guarantee

0.082

Ultimate
Tensile
Strength
(KSI)

Yield
Tensile
Strength
(KSI)

42

10.7

58

30

10

45

lt3

39

34

40

27

30

83

67

15

80

70

15

Elongation
in 2 ins.

1

"-l

.....
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reduce the overall test time.

Figure 6 shows a photograph of the

test set-up.
The fatigue crack growth was observed with a strobe light in
syncronization with the test machine and a lOx magnifying glass.
Fatigue testing was terminated when the crack in each specimens extended either across the surface of the specimen or at least 75% of
the width.

The fracture surface of each specimen was exposed for

subsequent examination using a tensile testing machine in order to
eliminate the possibility of damage to the fracture surface.
E.

Fracture Surface Examination
Examination of the fracture surface or each specimen was

initially' performed with an optical bench microscope up to 30x
magnification.

Photographs documenting the macroscopic fracture

surface appearance were taken or selected specimens from each
material group.

A detailed microscopic examination of the entire

fracture surface of the selected specimens was performed using the
Scanning Electron Microscope (SEM).

Fracture surface examinations

were performed in a magnification range of lOOx to 30,000x and
characteristic fracture features representative of the mode of fracture were photographed.
F.

Metallographic Examination
A metallographic examination was performed on fatigue tested

specimens or each material.

The specimens were mounted so that the

fracture surface profile in the plane ot the sheet could be examined.
The specimens were prepared tor examination using standard metallo-
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graphic polishing techniques.
accomplished using 50%

N~OH

Etching of the polished samples was

+ 45% H2o +

5%

H2o2 for brass,

2% Nitol

(2% HNGJ, 98% ethyal alcohol) for iron, and Krolls reagent
(3% HF, 6% HNDJ, 91% H2o) for titanium. The examination was conducted
on a Bausch and Lomb research metallograph.
G.

Crzstallographic Examination
Crystallographic examinations were performed on the fractured

surface of specimens of each material to determine the plane of crack
propagation.

The specimens of each material that were selected for

the scanning electron microscope examination were also used for this
examination.
An initial attempt to identify the crystallographic plane on
which fracture had occurred was made by x-ray diffraction using a
Laue back-reflection polaroid

c~era

It was anticipated that the

and a goniometer stage.

greatest amount of difficulty in

obtaining a diffraction pattern from a fracture facet would be in
the alignment of the fracture facet to the x-ray beam.

The facet, to

be in the correct position, should be in a plane 900 to the x-ray beam.
The first effort to attain the proper alignment was made using a
laser beam which was adjusted to coincide with the beam of x-rays.
An illustration of this test set-up is shown in Figure 7.

The laser

alignment technique consieted of adjusting the selected fracture facet
to be diffracted to the maximum specular brightness of the impinging
laser beam and then obtaining a Laue back-reflection diffraction
photograph of that area.

However, the resulting diffraction pattern
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had ver.y few spots and no symmetry indicating that the fracture facet
was not in the correct plane.

The incorrect alignment of the fracture

facet was believed to be due to scattering the the laser beam which
resulted in secondar.y reflections from neighboring facets that could
not be distinguished from the primary reflection.

Therefore, maxi-

mum specular brightness was not an indication the facet was properly
orientated.

The laser technique was then abandoned and an optical

alignment technique was attempted.
In the optical alignment technique a telescope was placed in
line with the x-ray be811. facing the x-ray tube.
photograph of this test arrangement.

Figure 8 shows a

A fracture surface placed on

the goniometer specimen stage was first observed through the telescope to select a fracture facet.

The selected facet was aligned to

maximum specular brightness through the telescope and then turned
180 degrees and placed in position (specimen-to-film distance, 3.5 em)
facing the Laue camera, Figure 9.

The resulting x-ray diffraction

pattern was similar to that obtained using the laser alignment technique.

Misalignment of the fracture facet to the x-ray beam in this

case was believed to be due to the telescope not being perfectly in
line with the x-ray beam.

After several unsuccessful attempts to

correct this situation this technique was also abandoned.
The method that was finally successfUl in identifying the
crystallographic plane on which fatigue fracture had occurred was the
etch pit technique.

With this technique the fracture surface is

submerged in an etchant for a period of time which results in the

30

formation or pits whose geometric rona corresponds to a particular
set of crystal planes.

In cubic crystal structures square pits

correspond to the (100) plane, rectangular pits the (110) plane and
triangular pits the (111) plane.

In hexagonal close-packed crystal

structures the basal plane etch pit is an equal sided hexagon, and
the prismatic planes etch pits are elongated parallel to the basal
plane (30).

A detailed explanation of formation of etch pits is

given by Johnston (31).

Suitable etchants producing etch pits have

been developed to study the distribution or dislocation on highly
polished surfaces (25 through 29) as well as to identify crystal
planes on fracture surfaces (7 and 29).

The etchants used in this

investigation to develop etch pits will be identified in the
Experimental Results section.
The fracture surfaces of specimens that were exposed to an
etchant to develop etch pits were subsequently examined in the SEM.
Faceted surfaces exhibiting etch pits were photographed to document
the etch pit configuration and identify the crystallographic plane.
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IV.
A.

EXPERIMENTAL RESULTS

Fatigue Testing
The fatigue life o.f the group of specimens of each material is

shown in Table III.

Crack initiation in all specimens occurred at

the notch on both sides of the specimen.

The crack propagated away

from both notches towards the center of the specimen.

Although with

many of the specimens, the crack propagated across the entire width,

complete separation o.f the specimen did not occur.
B.

Optical Examination Of The Fracture Surfaces
Examination of the .fracture surfaces of the group of specimens

.from each material revealed all to contain the same characteristic
features.

Figures 10, 11, and 12 show photographs o.f typical speci-

mens of each material.

With each specimen the fracture surface

consisted predominantly of speckled bright facets and a dull irregular
structure.

At 30x magnification the facets observed on the brass

and titanium specimens were highly reflective with a mirror-like
surface whereas the iron facets remained bright.

The plane of

fracture on all specimens was nor.mal to the plane-of-the-sheet surface.
There was no evidence of shear plane fracture at the starter notches
on any of the specimens.

Although it was observed that the crack

initiated at the starter notches in each specimen and propagated to
the center of the specimen, the orientation of the fracture surface
flow lines indicate the primary fracture direction to be through the
thiclmess of the specimen from both sides.

Apparently the crack in

TABLE III
FATIGUE LIFE
Material
(Six Specimens
Each)
Brass
(70-30)
Iron
Conunercially
Pure Titanium

Load
Level
G's

Frequency
Cycles/Second

Number of Cycles
Applied to Snecimens
Millions

15

200

5.051

5

200

2.267

20

350

6.325

(,.)

N-
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each case propagated in two directions, across the specimen width and
through the thiclmess.
C.

Electron Fractographic Examination
Examination or the fracture surfaces or selected specimens or

each material with the scanning electron microscope revealed each
having features characteristic or two modes or crack growth.
primary fracture mode was brittle in appearance and was

The

inte~ed

with transgranular fracture exhibiting striation which are characteristic or Stage II fatigue crack growth.
The fracture surface or the brass specimens consisted primarily
or a faceted structure with a very smooth appearance.

Annealing

twin were evident on same or the facets indicating that the facets
occurred as a result of trans granular fracture.

Figures 13 and 14

shows photographs of random areas on the fracture surfaces which are
representative of the features observed.

Areas indicitive of Stage II

fatigu' growth were dispersed throughout the fracture surface.
Figure 15 is a t:rpical area showing two modes or crack growth.
Fatigue striation characteristic or Stage II fatigue growth are
evident in the high magnification photograph.
The fracture surface or the
nantlY faceted.

A~co

iron specimens was predomi-

However, the facets appeared to be intergranular

showing no evidence or transgranular crystallographic marking resulting fran slip.

Intermixed with the intergranular facets were

areas of transgranular Stage II fatigue growth.

Figures 16 and 17

shows t:rpical areas on the fracture surface revealing these features.
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Fatigue striation on the inter.mixed areas of Stage II fatigue growth
are shown in Figure 18.
The fracture surfaces features of the titanium specimens also
revealed two mode of fracture.

Most of the fracture surface con-

sisted of large facets having a step-like pattern and river markings
which are characteristic of cleavage fracture.

Irregular surface

feature typical of Stage II fatigue growth were evident and more
abundant than observed in the brass and iron specimens.

Figures

19 and 20 show areas of fracture representative of the fracture
surface feature observed on each specimen.

An area showing typical

Stage II fatigue fracture is shown in Figure 21.
D.

Metallographic Examination of Fracture Profile
Examination of the fracture profile of a specimen from each

material revealed results that correlate well with ·the electron
fractographic examination.

The fracture profile of the brass speci-

men presented in Figure 22 showed a flat profile across same grains
and an irregular profile across others. The flat profile corresponds to the brittle faceted structure and the irregular with Stage II
fatigue growth.

Twin boundaries did not appear to influence the

fracture path.
The fracture profile of the iron specimen appeared predominantly
intergranular with some transgranular areas present accounting for
the Stage II fatigue growth.

Representative areas of the fracture

profile are shown in Figure 2.3.
The titanium fracture profile was all transgranular.

No
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differentiation could be made in the profile between the cleavage
fracture and the Stage II fatigue growth.

Figure 24 shows

representative areas of the fracture profile.
E.

Identification of Fracture Planes
The etch-pit technique for identification of fracture planes was

only used on the brass specimens. This technique was not attempted
on the iron specimen since the fatigue crack propagated along an
intergranular path.

No attempt was made on the titanium specimen

because no suitable etchant could be found to develop etch-pits in
this material.

A literature survey at the McDonnell-Douglas

Corporation Engineering Laboratory and the NASA Scientific and
Technical Information Facility were both unsuccessfUl in finding an
etchant.
Etch-pits on the fracture surface of brass specimens were
developed using 1 part bromine, 30 parts glacial acetic aci-d, and

45 parts hydrochloric acid att.er Koppenaal {35). The etched fracture
surface examined in the scanning electron microscope reveals triangular shaped etch pits on the faceted surfaces. This etch pit geometry
corresponds to the (111) plane.

Figures 25: 26, and 27 show

representative areas of the fracture surface exhibiting the etch pits.
The etch pits appear to align with slip traces.
for.m of etch pits were observed.

No other geometric
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V.

DISCUSSION OF RESULTS

The results of the investigation show that fatigue cracks in the
specimens of each material propagated in two stages of crack growth.
With each material the primary fracture mode was crystallographic
and the secondary mode was noncrystallographic evidencing striations.
These observations characterize the Stage I and Stage II fatigue crack
growth respectively.

With both brass and titanium the Stage I frac-

ture mode was transgranular occurring along high density atomic planes,
the (111) plane in brass and an unidentified cleavage plane in titanium.
In iron the Stage I mode of fracture was intergranular.

This may he

attributed to the inherent quality of the BCC crystal structure in
that slip is easily dispersed due to the availability of numerous
slip systems making cross slip easy.

Dislocation pile-up would then

occur at grain boundaries which would provide a weakened path for crack
propagation.

None of the fracture surfaces of the specimens examined

showed a macroscopic transition of Stage I to Stage II fatigue growth.
Stage II fatigue fracture features were dispersed throughout the fracture surface.
The fracture surface features of Stage I cracking in brass did
not correspond to the Stage I fracture appearance of either aluminum

(4,5) or of nickel-base alloy (15, 16). These differences in fracture surface appearance could not be accounted for in this investigation.

The only factors that may have same significance to account for

the differences is the very small amount of area available for
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investigation, and that the original work by Forsyth (4) was
accomplished using a light microscope which does not allow direct
comparison to the results of this investigation. The differences
in Stage I fracture appearance of the nickel-base alloys (15, 16)
may be attributed to the fact that single crystal material was used
instead of polycr,ystalline and that the testing was conducted with
the specimens aligned so that the maximum shear plane corresponded
to the (lll) plane.

In addition the classical cleavage-like appear-

ance reported to be characteristic of Stage I fatigue in nickel-base
alloy appears to be the same as that shown in aluminum alloys

(5, 14, 19, 20) as the beginning of Stage II cracking.
In iron, the intergranular fracture surface of Stage I cracking
correlated with the work performed by Williams

a~d

Smith (7) on

beta-brass in which they found intergranular cracking as the first
stage or fatigue.

other investigations of Stage I cracking in BCC

materials, Boettner (9) in high strength steel and Wood, Reimann
and Sargent (S) in Armco iron, did not find similar results.

In

high strength steel it was found that cracking occurred along
martensite boundaries, whereas in Armco iron Stage I cracking occurred
along subgrain boundaries.
Since Stage I fatigue crack growth has not been reported in HCP
materials, the results of' this investigation on titanium will have
to stand on its own.

However, considering the crystal structure of

titaniUIIl, it is not surprising that Stage I fatigue cracking in this
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material exhibits the classical transgranular cleavage structure of
river lines.

Slip, in this material, is known to occur on the (lOlO)

and (lOll) planes and not on the basal plane because of the small
c;a ratio of the unit cell.

Fracture along the basal plane does not

exhibit the classical cleavage features.
The intermixed areas of Stage I and Stage II fracture observed
in each material is probably a result of grain orientation.

Those

grains that are not suitably oriented for Stage I cracking with
respect to the crack front will join up, once the crack has passed
around them, by Stage II fatigue.
In each material the Stage I fracture surface features observed
showed no evidence or progression markings. The mechanism operating
in Stage I fatigue in these materials therefore could not be the same
as that in Stage II fatigue where clear evidence of crack progression
was observed.

The mechanism that appears to best f'i t the type Stage I

features observed is the "glide plane decohesion mechanism" proposed
by Gell and Leverant (15).

With this mechanism Stage I cracking occurs

due to a loss of strength in particular atomic planes in the case or
brass and titanium, and in the grain boundaries in the case or iron
as a result or the accumulation or vacancies and dislocations.
The results of this investigation show that Stage I fatigue
growth is not limited to the 45 degree shear plane, or to a crack
depth or one grain or less as described b.Y Forsyth (4).

It has been

shown in this investigation that Stage I fatigue crack growth can be
extended indefinitelY under test conditions of high frequency low
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amplitude stress, and it is not confined to the 45 degree shear plane.
These results, in addition to adding new knowledge to the phenomenon
of fatigue crack propagation, modifies the present concept of Stage I
fatigue growth and applies that modification to FCC, BCC and HCP
materials.
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VI.

CONCLUSION

Based upon the results of this investigation it is concluded
that:
1.

Stage I mode of fatigue crack propagation in FCC, BCC and

HCP metals is not confined to the vicinity of crack initiation but
can be extended beyond under testing conditions of high frequency
stress application that produce long fatigue lives.
2.

In FCC brass Stage I fatigue crack growth occurs trans-

granular along the (111) plane.

The flat featureless facets on

brass bare no resemblance to the reported Stage I fracture surface
feature of aluminum alloy having parallel lamella or the cleavagelike appearance on nickel base alloys.

3.

In BCC Ar.mco iron Stage I fatigue crack growth occurs

intergranular.

The faceted surfaces were smooth absent of any

crystallographic marking.
4.

In HCP commercially pure titanium Stage I fatigue crack

growth occurs transgranular along cleavage planes.

The cleavage

facets were smooth and revealed the classical appearance of slip
steps and river lines.

5. The smooth appearance of the faceted surfaces of brass and
iron, and the classical cleavage features of the titanium facets
indicate that the mechanism of Stage I fatigue crack growth in
these materials is related more to the "decohesion mechanism" than
to the same mechanism that is responsible for Stage II fatigue crack
propagation.
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